Objectives: ELB-21 is a pyrrolo [2,1-c] [1, 4] benzodiazepine dimer with potent antistaphylococcal activity; it binds covalently to guanine residues on opposing strands of duplex DNA, interfering with regulatory proteins and transcription elongation in a sequence-selective manner. Transcriptional and proteomic alterations induced by exposure of Staphylococcus aureus clinical isolate EMRSA-16 to ELB-21 were determined in order to define more precisely the bactericidal mechanism of the drug.
Introduction
Staphylococcus aureus is frequently found as a commensal of the human skin and nares. However, many strains have the capacity to exploit breeches in the integrity of dermal and mucosal barriers to cause a spectrum of potentially lifethreatening invasive infections, particularly in the immunedeficient host. 1 S. aureus is armed with a formidable array of tightly regulated virulence factors 2 and the risk it poses to human health is compounded by an ability to accumulate drug resistance genes in response to antibiotic exposure. 3, 4 The rapid evolution of resistance, in tandem with economic and regulatory issues, fuels a need for continual development of new treatments for staphylococcal infections, a challenge that is currently not being met in full. 5 In this context we are evaluating the antibacterial activity of pyrrolo[2,1-c] [1, 4] benzodiazepine (PBD) dimers. PBDs are a family of DNA-interactive antibiotics that exert their biological activity through covalent binding to the C2-NH 2 of guanine within the minor groove, 6 spanning three DNA base pairs with a preference for Pu-G-Pu ( purine-guanine-purine; reactive guanine shown in bold) and interfering with regulatory proteins and transcription elongation in a sequence-selective manner. 7 The potency, binding affinity and sequence specificity of PBDs can be enhanced by linking two PBD units together through their C8/C8 0 positions to form dimers that cross-link appropriately separated guanines on opposing DNA strands. 8 PBD units tethered through an inert propyldioxy [-O-(CH 2 ) 3 -O-diether] linker bind predominantly to embedded 5 0 -Pu-GATC-Py sequences by cross-linking opposite-strand guanines separated by 2 bp, with little or no disruption of DNA secondary structure, 8, 9 and one such compound 10 is currently undergoing Phase I clinical evaluation in patients with solid tumours and haematological malignancies. Molecular modelling and electrophoretic assays have indicated that extension of the diether linkage [-O-(CH 2 ) 5 -O-] by two carbons enables the dimer to span an extra bp and crosslink 5 0 -Pu-GA(T/A)TC-Py sequences. 8 Thus, these molecules have the potential to target either prokaryotic or eukaryotic DNA sequences for therapeutic control of a wide range of conditions, including infectious disease.
We determined the antistaphylococcal potential of a range of PBD dimers that included symmetric agents spanning 2 and 3 bp, 11 as well as asymmetric molecules spanning up to 11 bp, 12 and identified the potent symmetric dimer ELB-21 ( Figure 1a ) as the most cell-target-selective compound for evaluation as a potential antibacterial chemotherapeutic agent. ELB-21 was active against a range of Gram-positive bacteria, including methicillin-resistant S. aureus (MRSA) and vancomycin-resistant enterococci (VRE), but ineffective against Gram-negative species, due to the barrier function of the outer membrane. 11, 13 As will be reported elsewhere, the concentrations required to kill bacteria were lower than those necessary to produce a cytotoxic effect in human tissue culture cell lines. At 4ÂMIC the compound rapidly killed MRSA and VRE. 11 Extensive interstrand cross-linking at multiple sites on the S. aureus EMRSA-16 genome following exposure of bacteria to ELB-21 was demonstrated by probing EcoRI-restricted DNA with mecA and 16S rDNA. 13 Four putative oligonucleotide sequences recognized by ELB-21 are found between 182 and 511 times on the EMRSA-16 genome, 11 indicating that the compound is likely to affect gene transcription in a selective manner. In order to shed light on the response of S. aureus to ELB-21, we characterized changes in EMRSA-16 global transcription following exposure to subinhibitory concentrations of the PBD dimer and determined the effect of the compound on intracellular and extracellular protein content. The data indicate that ELB-21 invokes a DNA damage response, induces resident S. aureus prophages and inhibits translation of proteins required for cell viability and staphylococcal pathogenesis. In addition, DNase I footprinting methodology identified additional sites of interstrand crosslinking and also provided evidence of covalent intrastrand adducts at specific sites within DNA sequences.
Materials and methods
Bacterial strains, culture and reagents S. aureus strain EMRSA-16 is an epidemic MRSA clinical isolate from the Royal Free Hospital (London, UK) and was provided by Jeremy Hamilton-Miller (University College London). S. aureus 8325-4, a derivative of NCTC 8325 cured of all prophages, 14 was used to detect phages and was the kind gift of Friedrich Götz (University of Tübingen, Germany). Bacteria were grown in Mueller -Hinton (MH) broth (Oxoid) or on MH agar plates at 378C. The PBD dimer ELB-21 was obtained from Spirogen Ltd and was synthesized as previously described. 15 The MIC of ELB-21 for EMRSA-16 was determined by the NCCLS broth microplate assay as previously described. 11 In all experiments, ELB-21 was dissolved in DMSO prior to dilution in broth; DMSO was added at the appropriate timepoint to experimental controls. At the concentrations used, the solvent had no effect on any of the parameters that were measured in this study. Lytic phage particles in bacterial cultures were enumerated using the soft agar overlay method. 16 
Genome searching
Sequence features of the full genome (2.9 Mb; GC content 32.8%; 2731 genes) of EMRSA-16 17 were accessed and visualized with the Artemis genome viewer and annotation tool (http://w.w.w.sanger.ac. uk/Software/Artemis/) developed by the Wellcome Trust Sanger Institute (Hinxton, UK).
DNase I footprinting
Sequence binding preferences of ELB-21 were assessed using the HexA and HexB footprinting substrates (Figure 1b) , which between them contain all 64 symmetrical hexanucleotide sequences, as described previously. 18 These fragments are each cloned in both orientations as the 'forward' and 'reverse' sequences so that the regions towards the top of the gel with the forward sequences are located towards the bottom of the reverse sequences. HexAfor and HexArev were obtained by cutting the parent plasmid with HindIII and SacI; HexBfor and HexBrev were obtained by cutting with EcoRI and PstI. These were labelled at the 3 0 -end of the HindIII and EcoRI sites, respectively, with [a-32 P]dATP using reverse transcriptase. Radiolabelled DNA (1.5 mL; 10 counts/s/mL) was mixed with 1.5 mL of ELB-21 as described previously. 18 After equilibration, the mixture was digested with DNase I and the reaction terminated using formamide/EDTA. The digestion products were resolved on 8% (w/v) denaturing polyacrylamide gels and gels fixed, dried and exposed to a phosphorimager screen (Kodak).
Microarray analysis
The BmG@S SAv1.1.0 microarray used in this study has been described elsewhere 19 and contains PCR products representing all predicted open reading frames from the initial seven S. aureus genome sequencing projects. The array design is available in BmG@Sbase (accession number: A-BUGS-17; http://bugs.sgul.ac.uk/A-BUGS-17) and also ArrayExpress (accession number: A-BUGS-17). Flasks containing 50 mL of MH broth were inoculated with 500 mL of EMRSA-16 overnight culture and incubated at 378C with shaking until the OD 600 reached 0.6 (logarithmic phase) or 3.0 (stationary phase). ELB-21 was then added to give a final concentration of 0.015 mg/L (0.5ÂMIC), cultures incubated for a further 5 min, 15 min, 1 h or 5 h and two volumes of RNAprotect Bacteria reagent (Qiagen) added. Mixtures were incubated for 5 min at room temperature, centrifuged, RNA isolated from pellets with FastRNA w Pro Blue kit (Qbiogen) and treated with DNase I. RNA aliquots (5 mg) were labelled with Cy5 dye (GE Healthcare) concomitant with reverse transcription into cDNA. EMRSA-16 genomic DNA was used as reference; DNA concentration was measured (OD 260 ) and 1 mg fluorescently labelled with Cy3 dye (GE Healthcare). cDNA was purified using a MinElute kit (Qiagen), probes pooled, hybridized overnight to the S. aureus microarray at 658C and subjected to stringent washing. 19 Hybridization data were analysed using an Affymetrix 428 scanner then quantified using Bluefuse for Microarrays 3.5 software (BlueGnome). Data analysis was performed in GeneSpring GX 7.3 (Agilent Technologies) using median-normalized Cy5/Cy3 ratio intensities for three biological replicates. Only genes whose expression ratio showed at least a 2-fold difference with Benjamini and Hochberg false discovery rate 0.05% in the presence of ELB-21 were regarded as being significantly different from the control. Fully annotated microarray data has been deposited in BmG@Sbase (accession number E-BUGS-79; http://bugs.sgul.ac.uk/E-BUGS-79) and also ArrayExpress (accession number E-BUGS-79).
Quantitative real time PCR (qRT-PCR)
RNA samples were treated with the RNase-free DNase set protocol and RNeasy Minikit protocol (Qiagen). qRT-PCR was carried out using the Brilliant II SYBR w Green qRT-PCR 2-Step kit (Stratagene) according to the manufacturer's instructions. Gene-specific primer pairs (Table 1) were designed for genes of interest to yield amplicons of 100-150 bp. The conditions for the PCR were 958C for 15 min, followed by 20 -24 cycles of 948C for 30 s, 508C for 30 s and 728C for 1 min. The comparative threshold method was used to determine relative quantification of mRNA abundance and changes in mRNA expression level were calculated after normalization to the internal control, 16S rRNA. Data shown are the median of three biological replicates; each replicate was performed in duplicate.
Protein extraction EMRSA-16 was incubated (378C) in MH broth with shaking to OD 600 0.6 (logarithmic phase) or 3.0 (stationary phase) and ELB-21 added to a final concentration of 0.015 mg/L. Cultures were incubated for a further 1 h or 5 h and centrifuged. For preparation of extracellular protein extracts, supernatants were filtered (22 mm) and supernatant proteins concentrated using Vivaspin 20 columns (Sartorius). For preparation of cell protein extracts, bacteria were washed twice with ice-cold TE sample buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and suspended in ice-cold base sample buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS, Roche protease cocktail tablet]. The cells were disrupted by homogenization with glass beads. Lysates were centrifuged to remove cellular debris and insoluble proteins. Protein concentration was determined by the Bradford assay and protein samples prepared for isoelectric focusing (IEF) using a 2D clean-up kit (Bio-Rad).
Protein gel electrophoresis
2D gel electrophoresis was performed using a Protean IEF Cell (Bio-Rad). Proteins were separated using 17 cm immobilized pH (range 4-7) gradient strips (Bio-Rad). Voltage was increased by gradient from 250 to 10000 V for 2 h with a final phase of 10 000 V for 80 000 Vh. Strips were equilibrated in dithiothreitol and iodoacetamide. For identification of proteins by MALDI-TOF-MS, 150 mg of cellular and 250 mg of extracellular proteins were separated using preparative 2D gels. SDS-PAGE was performed with 12% (w/v) polyacrylamide gels and proteins stained with Coomassie Brilliant Blue R-250. Gels were scanned with a Molecular Imager Fx (Bio-Rad), and processed by PDQuest Advanced 2D-image analysis software (Bio-Rad). At least three biological replicates were performed for each experiment and only proteins showing at least a 2-fold change (P 0.05%) following exposure to ELB-21 were considered to be modulated by the agent.
Protein identification
Proteins were identified by MALDI-TOF-MS; Coomassie-stained protein spots were cut from gels using an EXQuest spot cutter (Bio-Rad) and transferred into a 96-well microtitre plate. Gel pieces were destained, digested and peptides extracted using a MassPrep robotic liquid handling system (Waters/Bio-Rad Proteome Works). Peptide mixtures were desalted using C18 loaded zip-tips (Millipore) and 2 mL spotted onto sample wells of a stainless steel MALDI target plate that had been previously spotted with 1 mL of matrix solution comprising 1 mg/mL acyano-4-hydroxycinnaminic acid (Sigma) in 50:50 (v/v) acetonitrile/ethanol and an internal standard, adenocorticotrophic hormone (Sigma), at a final concentration of $100 fmol/mL in 0.1% (v/v) formic acid. Samples were analysed using a Waters MALDI-TOF-MS spectrometer operating at a resolution of .10000 FWHM (full width at half maximum) in reflectron mode. Spectra (l 337 ) were acquired at 5 Hz using a nitrogen laser. Ten data collection events were combined to generate each spectrum. Data acquisition was achieved by random sampling from the target well. Peak lists were entered into a MASCOT PMF database search engine; search parameters included a peptide mass accuracy tolerance of 0.2 Da and searches allowed for modifications such as alkylation of cysteine during the tryptic digest procedure and the formation of methionine sulphoxide. A small minority of low-abundance proteins was identified by MALDI-TOF-MS/MS. All experiments were performed in triplicate. 
Assays for cell wall integrity Susceptibility to lysostaphin (Sigma) and induction of autolysis by Triton X-100 (Sigma) were undertaken as described earlier. 20 22 that PBD dimers containing a three carbon (n¼3) linker would recognize a 6 bp sequence embedded in duplex DNA, in which reactive guanines on opposite strands are separated by 2 bp preferentially comprising adenine and thymine, have been confirmed by cross-linking experiments utilizing short (10-13 bp) oligonucleotides as binding targets. 8 These studies also indicated that extension of the linker to n¼5 results in optimal cross-linking over a longer sequence, with a further 1 bp introduced between the two spatially separated and cross-linked guanines. DNase I footprinting confirmed that the PBD dimer SJG-136, containing an n¼3 linker, formed high-affinity adducts with 5 0 -G-GATC-C-3 0 sequences. 9 In addition, a number of less-favoured cross-link sites represented by the 5 0 -GXXC-3 0 motif were also identified and some evidence was found for formation of the mono-adducts, where only one half of the molecule interacted in a covalent fashion, with the second PBD residue unreacted. ELB-21 incorporates an extended n¼5 diether linkage and is known to bind to 5 0 -GATTC-3 0 and 5 0 -GAATC-3 0 sequences. 9, 11, 13 As ELB-21 is based on a PBD monomeric unit chemically distinct from that in SJG-136 and is significantly more potent than SJG-136, we searched for additional binding sites for ELB-21 using HexA/B footprinting substrates that contain all possible symmetrical hexanucleotide sequences. 
Effect on S. aureus transcriptome
The capacity of ELB-21 to modulate gene expression in EMRSA-16 was elucidated by comparing the transcriptional profile of logarithmic and stationary phase cultures with those exposed to subinhibitory concentrations of the compound. Logarithmic phase cultures were exposed to 0.015 mg/L ELB-21 (0.5ÂMIC) for 5, 15 or 60 min and stationary cultures were exposed for 1 h or 5 h. ELB-21 induced a marked effect on S. aureus gene expression only after logarithmic and stationary phase cells were exposed to the PBD dimer for 1 h and 5 h, respectively (data not shown). The differences between the response time of logarithmic and stationary phase cells is consistent with covalent binding of ELB-21 to the genome; subsequent inhibition of transcription and replication occurs more rapidly in actively dividing cells.
There was a significant !2-fold change in the expression of 184 genes following exposure of logarithmic phase cells to ELB-21 (0.015 mg/L) for 1 h. Only 16 genes showed a .50% reduction in expression, with the majority of genes (168) showing a !2-fold increase in transcription. Nearly half of the genes affected by ELB-21 were induced prophage genes associated with the resident S. aureus prophages fSa2 and fSa3; all sequenced S. aureus strains, with the exception of COL, carry prophage fSa3, and fSa2 is known to be integrated into EMRSA-16 isolates. 23 ELB-21 induced phage release from EMRSA-16. In logarithmic phase cultures containing no drug, 3606+300.3 (mean+SD) pfu/mL were detected; in the presence of subinhibitory (0.5ÂMIC) concentrations, a 5.3-fold increase to 18963+4691.1 pfu/mL was evident 3 h after addition of ELB-21 to mid-logarithmic cultures. An increase of 7.1-fold to 25773+4687.5 pfu/mL was apparent when inhibitory (2ÂMIC) concentrations were used.
Also prominent among ELB-21-activated genes were those involved in DNA damage repair (Table 2) , including the positive (recA) and negative (lexA) regulators of the SOS response, genes in the LexA regulon involved in DNA metabolism (uvrA, uvrB) and genes encoding a subunit of topoisomerase IV (grlB) and a non-essential DNA polymerase (samB). A number of genes of unknown function were also modulated by subinhibitory concentrations of ELB-21. Three genes encoded by the pathogenicity island SaPI4, tst, hlb and ssp, were also induced by ELB-21; tst encodes the superantigenic toxic shock syndrome toxin-1, the main contributor to staphylococcal toxic shock syndrome. Only a restricted number of genes, 16 in total, were repressed following exposure of logarithmic phase cells to ELB-21 for 1 h. A high proportion of down-regulated genes encoded membrane proteins (e.g. SAR0182, yukA, SAR0870, opuD2) or proteins required for peptidoglycan synthesis, such as femA and murF (Table 3) . These changes had little or no impact on cell wall integrity or metabolism: overnight exposure to ELB-21 (0.5ÂMIC) increased only minimally, from 0.03 mg/L to 0.0078 mg/L, EMRSA-16 susceptibility to the cell wall hydrolase lysostaphin and ELB-21 had no effect on either Triton X-100-induced autolysis up to 3 h after addition of the drug to logarithmic cultures or K þ efflux within 1 h of ELB-21 addition (data not shown).
The exposure of stationary phase cells to ELB-21 (0.015 mg/ L) for 5 h resulted in altered expression of 183 genes, a similar number to logarithmic phase cells exposed to the agent for 1 h. Only two genes (trxB, glyS) were down-regulated and 181 genes were up-regulated. Consistent with the logarithmic phase data, the majority of genes affected in stationary phase were also phage related. Overall, these data suggest a correlation between the exposure of S. aureus to ELB-21 and induction of the DNA damage response, with subsequent derepression of resident prophages.
Microarray data indicating changes in expression of nine key genes in logarithmic phase after exposure to ELB-21 for 1 h were validated using qRT-PCR (Table 4 ). In the large majority of cases, there was good correlation between the two methods.
Effect on S. aureus protein secretion
Supernatant proteins from cultures of EMRSA-16 grown in the absence of drug or exposed to ELB-21 at a subinhibitory concentration for 1 h or 5 h were standardized with respect to mass and examined by 2D SDS -PAGE. In total, 12 extracellular proteins were differentially expressed (density increase or decrease at least 2-fold) by cells exposed to ELB-21, compared with control cells (Figure 2 ); eight were identified by MALDI-TOF-MS (Table 5) . Unidentified spots were low-abundance proteins present in insufficient quantities for identification by mass spectrometry (MS). ELB-21 at a concentration of 0.5ÂMIC enhanced the relative expression of only one protein, phosphoglycerate kinase ( Table 5 ). The remaining seven proteins identified by MS displayed a .2-fold reduction in expression (Table 5 ). These down-regulated proteins are involved in a variety of key cellular functions, including fatty acid biosynthesis (FabZ), folate biosynthesis (Fhs), b-lactam resistance (MecR1) and cellular stress responses (AhpC, DnaK). Several hypothetical proteins were repressed in the presence of ELB-21, including the protein encoded by locus SAR1457, which is homologous to the Bacillus subtilis protein DivIVA (Table 5 ). DivIVA has a critical role in B. subtilis cell division and mutations in DivIVA cause misplacement of the septum during cell division, resulting in irregular shaped bacterial cells, 24 and we have previously established 11 that ELB-21 alters the morphology of S. aureus cells. These data are consistent with our previous findings that S. aureus cells exposed to ELB-21 show a marked degree of morphological heterogeneity 11 and correlate with the observed effect of ELB-21 on the bacterial cell wall and membrane as determined by transcriptional profiling (Table 3) . 
Effect on intracellular protein production by S. aureus
Analysis by 2D SDS -PAGE revealed that only four intracellular proteins were differentially expressed (density !2-fold) in log cells exposed to ELB-21 for 1 h, compared with control cells (Figure 3 ). MALDI-TOF-MS analysis facilitated the identification of three of these proteins (Table 6 ). Consistent with the microarray data, the RecA protein was up-regulated in ELB-21-exposed cells (Table 6 ), confirming the induction of the SOS response. The remaining two proteins, IsaA and CspA, were repressed in the ELB-21-treated cells (Table 6 ) and have been previously identified as immunodominant structures expressed during systemic infection. 25 In addition, CspA is required for maximal pigment production in S. aureus; this trait is associated with enhanced staphylococcal pathogenesis and virulence. 26 Recently, S. aureus cells lacking the lytic transglycosylase, IsaA, have been shown to be mildly attenuated in the mouse septic arthritis model of infection. 27 These data suggest that ELB-21 may modulate the pathogenicity of S. aureus at non-lethal concentrations.
Changes in the expression of genes encoding nine key proteins whose expression was modulated by ELB-21 were evaluated (Table 4) . For RecA/recA, there was excellent correlation between qRT-PCR, microarray and proteomic data. The reduction in expression of six proteins (AhpC, IsaA, CspA, DnaK, Fhs, MecR1) appeared to be due to a modest degree of down-regulation of gene expression (Table 4) .
Discussion
ELB-21 readily penetrates the staphylococcal cell wall and cytoplasmic membrane; after gaining access to the cytoplasm, the compound is able to efficiently cross-link duplex DNA in a covalent fashion at multiple sites on the chromosome, 13 leading to rapid killing at the MIC and above. 11 There are several hundred 5 0 -Pu-GA(T/A)TC-Py primary binding sites for ELB-21 on EMRSA-16 DNA and their distribution on the chromosome indicates that the compound targets sequences within the coding regions of both essential and non-essential genes, leading to inhibition of upstream or downstream transcription. 13 In addition, binding to sequences located in close proximity to coding regions is likely to affect DNA replication by inhibiting the separation of the two DNA strands and by blocking DNA polymerase activity. In this study we searched for additional ELB-21 binding sites that may contribute to the potent antistaphylococcal profile of the compound and found that the interaction of the cross-linker with duplex DNA is more extensive than previously envisaged. In addition to three high-affinity sites in which guanines on opposing strands are separated by 4 rather than 3 bp, we identified at least 10 sites of intrastrand crosslinking with 2 to 6 bases separating same-strand guanines. It is very likely that intrastrand links will contribute further to the interruption of gene transcription and these observations reduce the likelihood that PBD dimers can be chemically engineered to selectively kill bacteria whilst sparing damage to host DNA. Because of the unexpected complexity of the DNA binding profile uncovered in this study, we are now undertaking a detailed kinetic investigation of ELB-21 binding to short (12-to 13-mer) and long ($200 bp) oligonucleotides using a technique that facilitates structural identification of drug -DNA adducts by HPLC and MS. 28 Many of the intrastrand sites are common features of the EMRSA-16 genome and the determination of relative ELB-21 DNA binding efficiencies will be of primary importance if we wish to achieve a comprehensive understanding of the relationship between drug -DNA interactions and bactericidal activity.
To investigate the extent of selective inhibition of gene transcription and the degree of modulation of protein expression afforded by exposure to ELB-21, we determined the effect of subinhibitory concentrations using a clinical isolate belonging to the multidrug-resistant EMRSA-16 clonal lineage. Exposure to ELB-21 induced 168 ORF transcripts in logarithmic phase cells and 181 in stationary phase cells; the majority could be readily categorized into subsets associated with the SOS response, induction of prophages and selective mobilization of virulence-related factors encoded within pathogenicity island SaPI4. A small number of genes were repressed, some encoding membrane proteins and proteins involved in cell wall synthesis. Induction of SOS-related genes allows the cell to modify transcription in response to environmental stress and is particularly prominent following exposure to agents that cause damage to DNA or interact with proteins involved in DNA replication or in disrupting the integrity of the supercoiled helix during replication and transcription. The SOS response is conserved across a wide of range of bacteria and has been most extensively characterized in Escherichia coli, with .40 genes under the control of the LexA repressor. 29 Response to DNA damage in S. aureus appears to involve a more restricted response. For example, mitomycin C, an antibiotic that causes DNA intrastrand and interstrand cross-linking in addition to monofunctional alkyl lesions through binding to the minor groove, 30 is a potent inducer of the staphylococcal SOS response: when S. aureus UAMS-1, a methicillin susceptible clinical isolate, was exposed to suprainhibitory concentrations of mitomycin C, a wide range of genes belonging to a variety of functional categories were down-regulated. 31 These data are consistent with the general Response of S. aureus to pyrrolobenzodiazepine dimer DNA binding activity of mitomycin C; the more selective binding profile of ELB-21 resulted in a less extensive pattern of inhibition of gene transcription that may reflect fewer binding sites within the EMRSA-16 genome, although it should be noted that in contrast to the study by Anderson et al. 31 we employed subinhibitory drug concentrations to ensure a response by viable, metabolically uncompromised bacteria.
A restricted transcriptional response in comparison with mitomycin C was also indicated by the degree of induction of prophage by ELB-21. Lysogenized S. aureus strains are known to release lytic phage with a low frequency and this occurred with the EMRSA-16 isolate used in our study. Addition of ELB-21 to mid-logarithmic phase cultures increased the extent of release of prophages by 5-to 7-fold. In a study reported by Resch et al.,
16 mitomycin C induced a much larger ($1000-fold) increase in phage release from S. aureus SA113, suggesting a much greater degree of dysregulation of transcriptional control by this agent. At suprainhibitory concentrations, the topoisomerase IV/ gyrase inhibitor ciprofloxacin, known to induce breaks in double-stranded DNA and to promote formation of stalled replication forks, evokes an SOS response that involves the induction of RecA, LexA and an error-prone DNA polymerase. It has been suggested that this response facilitates bacterial survival and the evolution of drug resistance by alteration of metabolism and the induction of beneficial mutations. 32 It has been demonstrated that subinhibitory concentrations of b-lactam antibiotics, agents whose primary mechanism of action does not involve DNA damage, invoke an SOS response similar in nature to that induced by ciprofloxacin and ELB-21. 33 In these studies, Table 5. evocation of the SOS response was accompanied by induction of temperate prophage and we also observed this effect: a large assortment of genes associated with prophages fSa2 and fSa3
were concomitantly induced by ELB-21. Even at the subinhibitory concentrations employed, induction led to the assembly of viable phage particles capable of lysis from within. Phage were separated on 2D gels using immobilized pH gradient strips in the range 4 -7. The gels were stained with Coomassie Brilliant Blue, scanned and differences in protein abundance detected using PDQuest software. Proteins that differed by at least 2-fold (P.0.5) in amounts between cells grown in the presence and absence of ELB-21 are marked. Each of these spots was excised, trypsinized and analysed by MALDI-TOF-MS. Identified proteins are listed in Table 6 . induction is likely to be SOS dependent, as none was observed in recA-defective lysogenic S. aureus strains. 33 The same may hold true for induction of pathogenicity islands, observed in the current and previous studies, 32 -34 and it has been demonstrated that activation of the expression of temperate phages and pathogenicity islands promotes the spread of staphylococcal virulence genes 34 and, potentially, antibiotic resistance genes. Thus, S. aureus may respond to potentially lethal events involving damage to DNA by adopting measures that enhance the dissemination of genes associated with pathogenesis and cell survival through mobilization of elements that are themselves induced by the SOS response. At the drug concentration employed, the expression of only a limited number of genes was downregulated, some of which were involved in cell wall turnover 35 or associated with membrane-related functions.
There was relatively little modulation of protein expression after exposure to subinhibitory concentrations of ELB-21. Reduced amounts of secreted stress response proteins (DnaK, AhpC), a protein involved in fatty acid biosynthesis (FabZ), a sensor/transducer (MecR1) of penicillin binding protein 2a involved in b-lactam resistance 36 and the folate biosynthesis protein formyltetrahydrofolate synthetase (Fhs) were noted and the down-regulation of the encoding genes confirmed by qRT-PCR. Recently, the alkylhydroperoxide reductase protein, AhpC, was revealed to have an important role in S. aureus survival and persistence, specifically in nasal colonization. 37 Also, antibodies to the heat shock protein, DnaK, are present in the sera of patients with S. aureus endocarditis 38 and DnaK is known to be induced during early infection of human epithelial cells, 39 indicating a putative role for DnaK in S. aureus pathogenesis. Reduced expression of MecR1 raises the possibility that ELB-21 modulates methicillin resistance in MRSA strains and we are currently examining the potential for alteration of b-lactam resistance in EMRSA-16.
Although ELB-21 binds only to a range of specific sequences on duplex DNA, the primary consequence following exposure of EMRSA-16 to this agent appears to be a general DNA damage response that overshadows any selective down-regulation of genes involved in survival or pathogenesis. We continue to explore, in a rational way, the relationships between PBD structure, selectivity of DNA binding, and rate and extent of antibacterial activity to refine these potent molecules and provide a degree of selective toxicity that will facilitate their use as agents for the treatment of life-threatening Gram-positive systemic infections.
